This review considers several applications of photochemistry to the synthesis of chemicals by industry. Factors relevant to the use of lasers by industry in the synthesis of specific chemicals are also considered.
INTRODUCTION
Most chemical industry processes rely for feedstocks on the products of photochemical reactions. Yet almost none of these processes use photochemistry. This is because photochemical processing requires high space-time to product ratios. Fortunately we did not have to wait for photosynthesis, its fruits were there when we needed them.
In this review, we consider the role of photochemical methods in industry and assess the impact that lasers will have.
INDUSTRIAL PHOTOCHEMISTRY
There are many thousands of photochemical syntheses; yet, there are only a handful of industrial processes using photochemistry to produce chemicals. Moreover, experience has shown it usual that whenever a photochemist demonstrates an elegant synthesis of a particular compound the organic chemist rises to the challenge and develops a chain of synthetic steps to the same material. Almost without exception the elegant, photochemical route is displaced by the conventional synthetic route. Recognizing this reality, we begin this section by a consideration of the disadvantages of photochemistry in the industrial environment. We then consider those few processes which have found industrial use.
Disadvantages of photochemistry
The prime disadvantage of photochemical processes is that, unlike photosynthesis, industrial processes use lamps. In industrial terms, lamps are expensive and difficult to scale to large throughput. This is because there is a practical limit to size of lamp which can be utilized; beyond this, throughput can only be increased by increasing the number of lamps. Thus, as with isotope separation using thermal diffusion columns, there are limited economies of scale.
Low pressure mercury lamps convert electrical energy into 253.7 nm photons with an efficiency of 60%. 2 However specific irradiances are low. The medium pressure mercury lamp is a brighter source. A 60 kW lamp costs around $1500 and can be run for up to a year without significant reduction in output. Such lamps are 2 m long and 6 cm in diameter and once again the electrical to photon energy conversion efficiency is of the order of 50%. However, the light is emitted on some 20 lines across the 200-600 nm spectrum. Addition of small amounts of thallium iodide shifts the emission spectrum such that a 60 kW lamp will radiate 13 kW at 535 nm. The energy density available from these types of sources is low (approximately 0.5 W cm -2 at the lamp surface). Therefore, both the rate of processing and the density of processing will be low. Photons from these lamps are also expensive reagents. The energy and capital costs for 535 nm photons from the thallium doped lamp described above are 1.5 and 0.13 cents per einstein respectively.
There are other disadvantages. Most organic molecules have broad absorption spectra. Often in order to prevent product photoreaction or other undesirable side reactions the lamps must be spectrally filtered. Sometimes product and starting material absorb in the same spectral regions and only photochemical equilibria not 100% conver-sion to products can be achieved e.g. Vitamin-D synthesis. 3 Furthermore, the excited state is often an extremely fragile entity requiring high-purity, low-pressure, environments if energy degradation due to quenching is to be avoided.
Finally, in order to recover capital and energy costs all useful photons emitted from the lamp must be absorbed and used in the process. Cylindrical or point-source, lamp geometries require a rapidly increasing process volume as a function of the optical pathlength required to achieve total absorption. This limits the lower range of absorber concentration by absorption cross-section product that can be used. The upper limit to this product is governed by the local heating caused by photon absorption. The light absorption is necessarily inhomogeneous and this can cause problems in reactor design and operation.
Non-stoichiometric processes
Photopolymerizations and free radical processes have several specific features which offset the disadvantages discussed above. The predominant is the large amplification of the quantum yield caused by long chain reactions. Industrial processes using photochemical initiation are grouped in Table 1 .1 The reader should note the wide variation in the throughput of these processes per watt of installed lamp power. This is a consequence of the wide range (10,000-0.8) of quantum yields. Thermal free radical processes compete with the photochemical processes listed, particularly in the case of photochlorination. The photochemical methods offer the advantage of lower process temperatures which prevent many side reactions from occurring. They are particularly favoured over thermal initiation using thermally unstable initiators whenever extremely long chain lengths cannot be achieved.
Stoichiometric reactions
As a consequence of their reduced quantum yields (z 1) stoichiometric photochemical reactions occupy a far smaller niche in the industrial sector. Their use has recently been reviewed by Martin Fischer. 2 Clearly only high valued products are economically feasible. Apart from vitamin-D3 synthesis, Table I , there are several other small scale processes. Among these are synthesis of; pharmaceuticals e.g. derivi- (Table IV) as the neutron capture by zirconium-91 is an order of magnitude greater than for all other isotopes.
The costs associated with the isotopic depletion could be recovered by any of several specific design advantages. The most obvious is the reduction in fuelling costs associated with the increased burn up possible. This of course applies more to the permanent reactor components (calandria and pressure tubes) than to the fuel cladding.
Allowable costs are $3000/kg and $100/kg respectively. 42 Secondly, one could use thicker more durable pressure tubes less susceptible to failure. The allowable costs of avoiding a retubing outage 16 years hence implies a present value of $5000/kg. Other disadvantages for reactors designed using isotopically depleted zirconium are the possibility of higher temperature annealing of thicker pressure tubes to produce tubes with lowered radiation induced growth and the possibility of increased pressure and temperature for thicker tubes leading to improved overall thermodynamic efficiency for the power generating cycle. 43 Finally, we note that improved design flexibility could have beneficial impact on the Thorium-232/Uranium-233 fuel cycle.
The potential fueling savings using zirconium-91 depleted material have been known for some time. 44 However, the topic gathered 40 , an even number of protons and zirconium-91 is the only naturally occurring isotope with an odd number of neutrons. All even, even isotopes have zero nuclear spin. Thus, the expected structure for atomic zirconium transitions is a central clump due to all isotopes with lines from zirconium-91 removed from this as a consequence of hyperfine interactions. Therefore, selective excitation of zirconium-91 was a reasonable expectation.
This expectation was confirmed in a high resolution study of a supersonic zirconium beam produced by laser vaporization of a zirconium metal rod. 46 We have also been able to resolve the hyperfine splitting in the upper state via quantum beat spectroscopy. 47 Excitation of the first resonant transition [(4d25s2)a3F2 (4d25s5p)z3F2] at 613.6 nm, followed by absorption of a 308 nm photon (XeC1 laser) absorbed in a resonant manner gives efficient ionization. Tuning the red photon gives selective ionization for all isotopes. 45 Precise wavelengths and minimum measured selectivities are given in Table IV . The maximum selectivity measurable with our apparatus (a consequence of signal-to-noise considerations in our time-of-flight mass spectrometer) was 100.
Thus, we have demonstrated scientific viability for zirconium AVLIS, a situation reached for uranium in 1973. Zirconium AVLIS and uranium AVLIS have many interesting similarities. Both elements are refractory, reactive materials, both have resonance transitions in the red and both have ionization potentials in the 6.6 eV range. For zirconium, the hyperfine splitting is greater than the isotope shift, for uranium the opposite is true. Thus, zirconium AVLIS is far more challenging. The economic incentive for zirconium enrichment is intimately linked to the degree of uranium enrichment in the reactor fuel. Utilities may opt for an enrichment technology with the flexibility to address both issues.
3.2.8 In an earlier section of this review we called attention to the use of mercury-196 in mercury-197 production. This application presents at best a small scale requirement. Recently, a high volume application for mercury-196 has been suggested. 49 Common fluorescent lamps use a weakly ionized plasma in rare gases (1 Torr) and mercury (6 x 10 -3 Torr). To date, allowable costs for this isotope separation have not been developed. Given the efficiency and availability of monoisotopic mercury resonance lamps, it is unlikely that narrow linewidth lasers operating at 253.7 nm will offer viable production alternatives; however, this does not totally exclude laser participation in alternate or hybrid enrichment technologies.
Thallium-203/201
Thallium-203, a stable, naturally occurring isotope of thallium with a natural abundance of 29.5 % is used in the production of thallium-201 by the following series of reactions:
The resulting radioactive thallium-201 is then injected into patients as thallium chloride, where by means of transaxial emission tomography it can be used in diagnosis to differentiate between true myocardial infarcts ("heart attacks") and myocardial insufficiency. However, as the requirements for selective excitation and reaction specificity become more stringent one may expect the photochemical and laser methods to retain their role through to the final production protocols. This is not to assert that lasers provide the only elegant and selective synthetic methods (the chimeric "laser surgery" or "bond selective" myths). Indeed, we take the position that the most elegant and selective syntheses were carried out, not by physical chemists, but by microorganisms! In what follows we consider the use of lasers in selective organic photochemistry highlighting the opportunities for improved synthetic methods.
Carvone photochemistry
The photolysis of carvone (I) a conjugated cyclic ketone to yield carvone camphore (II) a saturated tricyclic ketone has been studied for many years (the original work being done on the roof of Bologna University). 52 In addition, a third product (III) 1-exo-5-dimethyl-synethoxycarbonyl methylbicyclo [2.1.1] hexane results from photoaddition of the solvent (ethanol). We have investigated the details of the l'aser photochemistry of this molecule. 53 The results are summarized in Table V . It can be seen that by judicous choice of laser one can tailor the product distribution to yield essentially pure II or Iii. This is 63 Clark, Stevens and Perettie have studied a similar process and conclude that the photoinitiated chain reaction has significant advantages over the purely thermal process, including fewer side products and higher rate. 64 They feel though that a large scale process would use metal doped lamps rather than lasers. There is a definite need for the technological development of microscale AVLIS units to be used in conjunction with (medical) cyclotron, radioisotope production. This will present some interesting, but not insurmountable challenges and will lead to some strong markets. It will also provide a much improved product.
Lasers are so clearly superior in initiating non-stoichiometric reactions that it is inevitable that they find a role here. However much remains to be improved in the area of laser reliability before this happens.
Lasers offer very significant advantages for organic synthesis and we are confident that their use in research laboratories will spread. R. Marshall Wilson writes that organic photochemists are reluctant to adopt lasers as they require UV light source with average powers of at least 100 milliwatts and in order to achieve full spectral coverage two or three laser systems are required. Clearly laser manufacturers have been in a position to meet this requirement for some years. Along with the development of reliable, multiwavelength UV lasers we should give some consideration to simple reaction cell design. It is only through this route that lasers will eventually find their way into fine chemical production, as they inevitably will.
Much has been ignored in this review. The areas of laser microchemistry, laser materials processing, laser production of catalysts, laser purification, laser photopolymerization and laser production of ceramics have received only cursory mention in order to be able to dwell upon direct laser production of chemicals. Much has beem made of the chicken and egg dichotomy and in this regard the cartoon presented in Figure 1 is appropriate. This anonymous, untitled work has been in the photochemistry laboratories at NRC since the time of E. W. R. Steacie. I am sure it has inspired many practising photoche- Figure 1 The problem with all emerging technologies... mists. The role of those who work in the area of developing reliable laser chemistry processes or in developing reliable lasers is to make sure that the chicken stays out of the egg; once this happens, the questions which came first will be irrelevant.
